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TURBINE ROTOR BLADE WITH
SERPENTINE COOLING

GOVERNMENT LICENSE RIGHTS

None.

CROSS-REFERENCE TO RELAT
APPLICATIONS

s
w

None.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to a gas turbine
engine, and more specifically to a turbine rotor blade with
cooling.

2. Description of the Related Art Including Information
Disclosed Under 37 CFR 1.97 and 1.98

In a gas turbine engine, such as a large frame heavy-duty
industrial gas turbine (IGT) engine, a hot gas stream gener-
ated 1n a combustor 1s passed through a turbine to produce
mechanical work. The turbine includes one or more rows or
stages of stator vanes and rotor blades that react with the hot
gas stream 1n a progressively decreasing temperature. The
eificiency of the turbine—and therefore the engine—can be
increased by passing a higher temperature gas stream into the
turbine. However, the turbine 1nlet temperature 1s limited to
the material properties of the turbine, especially the first stage
vanes and blades, and an amount of cooling capability for
these first stage airfoils.

The first stage rotor blade and stator vanes are exposed to
the highest gas stream temperatures, with the temperature
gradually decreasing as the gas stream passes through the
turbine stages. The first and second stage airfoils (blades and
vanes) must be cooled by passing cooling air through internal
cooling passages and discharging the cooling air through film
cooling holes to provide a blanket layer of cooling air to
protect the hot metal surface from the hot gas stream.

In a turbine, the rotor blades are exposed to different stress
loads than the stator vanes. Because the rotor blades rotate
(stator vanes do not rotate), the blades are under high stress
loads due the centrifugal force of rotation. A rotor blade 1s
thick 1n the lower span and tapers ofl 1n the direction toward
the tip with the thinnest section being located at the tip. The
upper span of the blade will thus have the lowest mass to carry
while the lower span near to the platform will have the highest
mass to carry. All of the blade above the platform must be
carried by the lower span of the blade. The highest stress loads
are then found at the lower span sections. In addition, where
the blade 1s exposed to the very high temperatures, the metal
material strength decreases. Thus, the blade shape and cool-
ing circuitry must be designed to account for both the stress
loads and the thermal stress due to normal operation 1n the
engine. This 1s especially important for industrial engine
blades because the life cycle must be very long.

FIG. 1 shows the external pressure profile for a prior art
first stage blade. As shown in FI1G. 1, the forward region of the
pressure side surface experiences a high hot gas static pres-
sure while the entire suction side of the airfoil 1s at a much
lower hot gas static pressure than on the pressure side. The
area within the two curves to the left of the mid-chord section
1s at a lower work pressure 11 while the area 12 1s at a high
delta working pressure. This translates into more cooling air
working potential toward the trailing edge than 1n the leading,
edge.
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FIG. 2 shows a blade external heat transier coefficient for a
turbine rotor blade. As shown 1n FIG. 2, the airfoil leading
edge, the suction side immediately downstream of the leading
edge, as well as the pressure side trailing edge region of the
airfoi1l experience the higher hot gas side external heat trans-
ter coellicient than the mid-chord section of the pressure side
and downstream of the suction surfaces. Point 13 1s the high
heat load region for the blade leading edge, point 14 1s the
high heat load aft section of the P/S surface, point 15 is the low
Q on the pressure side (P/S) and point 16 1s a high Q on the
suction side (S/S). In general, the heat load for the airfoil aft
section 1s higher than in the forward section.

FIG. 3 shows the blade mainstream gas temperature pro-
file. As seen 1n FIG. 3, the maximum gas temperature occurs
at around 75% of the blade span height located at point 17.
This translates into a high heat load. Since the pull stress at the
blade upper span 1s low, it allows for the blade to run at a
higher metal temperature. Below the 40% blade span height,
the gas temperature drops off to a lower level that results 1n a
lower heat load on the blade. This drop-oif of the gas side
temperature 1s good for the blade creep design, especially for
the lower blade region with a high blade pulling load. Point 19
1s 1n the upper blade span 1n which a lower pull stress and a
higher allowable metal temperature 1s allowed. Point 18 1s at
a low gas temperature which 1s good for stress rupture.

BRIEF SUMMARY OF THE INVENTION

The turbine rotor blade with multiple serpentine tlow cool-
ing circuits located 1n both the upper span and the lower span
of the blade and where each span includes a forward serpen-
tine circuit and an aft serpentine circuit so that cooling for all
regions of the blade can be controlled based upon external gas
flow pressure and temperature. The blade can have four or six
serpentine tlow cooling circuits all fed with cooling air from
a common first pass channel that flows along the entire span-
wise length of the blade. Cooling air from the serpentine
circuits 1s discharged through leading edge film holes, trailing
edge exit holes or blade tip discharge holes to provide cooling
to these regions of the blade.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 shows a graph of an external pressure profile on a
first stage turbine rotor blade.

FIG. 2 shows a graph of an external heat transter coetlicient
profile on a first stage turbine rotor blade.

FIG. 3 shows a graph of hot gas temperature profile on a
first stage turbine rotor blade.

FIG. 4 shows a cross section top view of a turbine rotor
blade cooling circuit of the present invention.

FIG. § shows a flow diagram for one embodiment of a
multiple serpentine flow cooling circuit for a blade of the
present invention.

FIG. 6 shows a cross section side view of another embodi-
ment of a multiple serpentine flow cooling circuit for a blade
of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

A turbine rotor blade, especially for a first stage rotor blade
in a large frame heavy duty industrial gas turbine engine,
includes multiple serpentine flow cooling circuits to provide
individual cooling to sections of the airfoil based on external
gas stream pressure and temperature in order to control metal
temperature using a mimmal amount of cooling air. In the first
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embodiments, three-pass and five pass serpentine circuits are
used with either four serpentine circuits or six serpentine
circuits used to cool the upper and lower spans and the for-
ward and aftregions of the blade. FIG. 1 shows a cross section
top view with the blade having a cooling air supply channel 21
that supplies cooling air to a serpentine circuit in the forward
region through a second channel or leg 22 and a third channel
or leg 23, and through an aft region through a second leg 32
tollowed by a third leg 33, a fourth leg 34 and a fifth leg 35 all
connected 1n series. A showerhead arrangement of {ilm cool-
ing holes 25 1s connected to the third leg 23 of the forward
serpentine circuit while a row of exit holes 37 1s connected to
the fifth leg 35 to provide cooling for the leading edge and the
trailing edge regions of the blade.

FIG. 5 shows a flow diagram for an embodiment of the
present invention that uses three serpentine circuits along the
spanwise direction of the blade 1nstead of the two serpentine
circuits 1n the FIG. 6 embodiment described below. A com-
mon cooling air supply channel 21 supplies the cooling air for
all of the serpentine circuits formed within the blade and
extends the entire spanwise length of the blade ending at the
blade tip. The common cooling air supply channel 21 also
torms the first leg for the remaining serpentine flow circuits.
As seen 1n FIG. 5, a second leg 22 and a third leg 23 1s
connected to the common first leg 21 to form a forward
flowing three-pass serpentine tlow cooling circuit located 1n
the forward region of the blade and 1n the lower span. Located
above this three-pass serpentine circuit 1s another similar
three-pass serpentine circuit with a second leg 22 and a third
leg 23 connected to the first leg 21 and 1n series to form a
mid-span three-pass forward flowing serpentine circuit. A
third three-pass serpentine tlow circuit 1s located above the
mid-span serpentine and also includes a second leg 22 and a
third leg 23 to form a third forward flowing three-pass ser-
pentine tlow circuit. Each of these three-pass forward flowing,
serpentine tlow cooling circuits are connected to film cooling
holes 25 that form the showerhead arrangement of film cool-
ing holes for the leading edge region of the blade. Tip cooling
holes 26 and 38 and the ends of the first leg 21 and the third leg
26 discharge the remaining cooling air to cool the tip 1n this
region.

The common or first leg 21 1s also connected to three aft
flowing five-pass serpentine flow cooling circuits to provide
cooling to the aft region of the blade. Each of the three
five-pass serpentine circuits includes a second leg 32, a third
leg 33, a fourth leg 34 and a fifth leg 35 connected in series. A
row ol exit holes 37 are connected to the fifth legs 35 to
discharge cooling air through the trailing edge region. The tip
turn between the third 33 and fourth legs 34 and the end of the
fifth leg 35 mclude a tip cooling hole to discharge cooling air
tor cooling of the tip 1n this section of the blade tip.

FI1G. 6 shows a cross section side view of an embodiment of
the present invention 1 which only two serpentine circuits
instead of three serpentine circuits are used in the spanwise
direction. As seen 1n FIG. 6, 1n either embodiment trip strips
are used on the side walls of the legs or channels to enhance
the heat transier coetlicient.

In both embodiments of the present invention, cooling air
supplied to the blade flows through the common channel or
firstleg 21 first. Some of the cooling air in the firstleg 21 flows
into the second leg 22 of the three-pass serpentine in the
forward region and some tlows mto the second leg 32 1n the
five-pass serpentine in the ait region all in the lower span of
the blade. The cooling air flows from the second leg 22 and
into the third leg 23 and then discharged through the film
cooling holes 25 that form the showerhead arrangement of
film cooling holes. The cooling air tflowing through the sec-
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ond leg 32 then flows 1nto the third leg 33, the fourth leg 34
and then the fifth leg 35 and then through the row of exit holes
377 along the trailing edge of the blade. Any remaining cooling
air from the first leg 21 will then flow into the next above
three-pass and five-pass serpentine circuits in the respective
legs and then 1s discharged from the film cooling holes 25 or
the exit holes 37. At the end of the third leg 33 under the blade

t1p, the remaining cooling air flows through the tip holes 26.
T1p holes 38 are also located along the legs 21, 22, 32 and 35
to discharge cooling through the blade tip.

A turbine rotor blade for an industrial engine usually
includes a large cross sectional area at the blade mid-chord
region and the lower span height and then tapers to a small
blade thickness at the upper blade span height. The total blade
cooling air 1s delivered through the blade mid-chord section
to maximize the cooling tflow mass flux and achieve a high
internal through-tlow velocity for the cooling air. The cooling
air velocity must be above a specific velocity 1n order to
maintain a high heat transfer coefficient. I the cooling air
velocity drops below a specific speed, the cooling effective-
ness decreases significantly. The cooling air 1s then bled off
from the radial cooling air supply channel 21 and flows aft
toward the trailing edge for the airfoil main body 1n an aft
flowing five-pass serpentine tlow cooling circuit. Since a high
pressure differential 1s formed between the first leg or com-
mon channel 21 and the trailing edge exit holes 37, a five-pass
ait flowing serpentine circuit can be used and will maximize
the cooling pressure potential for the blade cooling. Also, as
the cooling air serpentines through the channels, the airfoil
tapers olf toward the trailing edge and therefore reduces the
cross sectional flow area of the cooling air such that the
cooling side internal heat transfer coefficient increases and
the reduction of the cooling potential due to heat increase 1s
lowered. The cooling air i1s finally discharged through the
trailing edge exit holes to provide cooling for the trailing edge
corner of the blade.

Cooling air 1s also bled off from the main cooling air supply
channel 21 for the forward tlowing three-pass serpentine cir-
cuits to provide cooling to the leading edge region. Since the
available pressure differential between the cooling and gas
side 1s lower while the gas side heat transfer coefficient 1s
high, a three-pass serpentine circuit 1s used in this region of
the blade. The spent cooling air 1s then discharged through the
leading edge showerhead film cooling holes to form a film
cooling layer for cooling of the blade leading edge exterior
region where the heat load 1s the highest on the entire airfoil.

Partitioning the blade into two or three sections in the
spanwise direction will allow the cooling tlow redistribution
in the spanwise direction to be designed based on the main-
stream gas temperature profile and heat load on the blade.
This 1s different than in the prior art blades with serpentine
flow cooling circuits in which the serpentine tlow cooling
channels extend from the platform to the blade tip. The cool-
ing air flowing through these prior art serpentine circuits will
transier heat from the blade upper span and return the heat to
the blade lower span. The cooling potential for the cooling air
will therefore be reduced due to the continuous heating of the
cooling air. The spanwise partition of the airfoil cooling
according to the present invention will allow for a design of
the blade lower half first without circulating the cooling air
into the upper span and heat up the cooling air 1n order to yield
an improved creep capability for the blade. Creep 1s a result of
the blade stretching in radial or spanwise length from a con-
tinuous centrifugal load from operating 1n an engine for long
periods of time. Excessive creep will also shorten a life of a
blade. The present invention also allows for more distribution
of cooler cooling air at the blade peak gas temperature section
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to achieve an improved oxidation and erosion capability. The
blade heat load 1n the spanwise direction can therefore also be
designed for to achieve desired metal temperatures through-
out the blade surfaces.

Major design features and advantages of the cooling circuit
of the present invention over the prior art serpentine circuit
are described below. Partitioning the blade into multiple zoon
increase the design tlexibility for tailoring the blade cooling
design for external loading conditions. The blade total cool-
ing air 1s fed through the airfoil mid-chord thick section thus
maximizes the use of cooling mass flux potential. Higher
cooling mass tflow through the airfoil main body thus yields
lower mass average blade metal temperature which translates
to a higher stress rupture life for the blade. Blade total cooling,
flow 1s fed through the airfoil pressure side forward section
where the external gas side heat load 1s low. Since the cooling
air temperature 1s iresh, as a result of this cooling air feed
system 1t maximize the use of cooling air potential to achieve
a non film cooling zone for the airfoil. The aft flowing 3-pass
cooling tflow mechanism maximizes the use of cooling air and
provides a very high overall cooling efficiency for the after
portion of the airfo1l. The aft flowing serpentine cooling flow
circuit used for the airfoi1l main body will maximaize the use of
cooling to main stream gas side pressure potential. Majority
of the air for the 3-pass serpentine 1s discharged at the aft
section of the airfoil where the gas side pressure 1s low thus
yield a high cooling air to main stream pressure potential to be
used for the serpentine channels and maximize the internal
cooling performance for the serpentine. The aft flowing main
body 5-pass serpentine flow channel yields a lower cooling
supply pressure requirement and lower leakage. The short
individual tier trailing edge cooling circuit provides cooler
cooling air for the blade root section thus improves airfoil
high cycle fatigue (HCF) capability. The current 3+5 serpen-
tine cooling concept provides greater cooling design tlexibil-
ity for the airfoil. Individual cooling flow channel can be
addressed the airfoil heatload separately. The 3-pass 1s design
for the cooling of blade leading edge forward section. The
S-pass 1s design for the blade trailing edge cooling. Thus
maximizes the airfoil oxidation capability and allows for a
higher operating temperature for future engine up-grade.
Total cooling 1s channeled through the thickest section of the
airfoil. This cooling flow management yields a good ceramic
core size and thus improves casting vield.

I claim the following:
1. A turbine rotor blade for an industrial gas turbine engine,
the turbine rotor blade comprising:

an airfoil section with a lower span section and an upper
span section;

a common cooling air supply channel extending from a
platform section to a blade tip section of the airfoil;

a first three-pass forward tlowing serpentine flow cooling
circuit located 1n the lower span section and having a
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second leg connected to the common cooling air supply
channel and a third leg located along a leading edge of
the airtoil;

a second three-pass forward flowing serpentine flow cool-
ing circuit located in the upper span section and having
a second leg connected to the common cooling air sup-
ply channel and a third leg located along a leading edge
of the airfouil;

a first five-pass aft flowing serpentine flow cooling circuit
located 1n the lower span section and having a second leg,
connected to the common cooling air supply channel
and a fifth leg located adjacent to a trailing edge of the

airfoul;

a second five-pass ait flowing serpentine flow cooling cir-
cuit located 1n the upper span section and having a sec-
ond leg connected to the common cooling air supply
channel and a fifth leg located adjacent to a trailing edge
of the airfoil; and,

the common cooling air supply channel forms the first leg
for each of the serpentine flow cooling circuits.

2. The turbine rotor blade of claim 1, and further compris-

ng:

a showerhead arrangement of film cooling holes connected
to the third legs of the three-pass serpentine tlow cooling
circuits; and.,

a row of exit holes along the trailing edge connected to the
fifth legs of the five-pass serpentine flow cooling cir-
cuits.

3. The turbine rotor blade of claim 1, and further compris-

ng:

a plurality of tip cooling holes connected to the serpentine
flow cooling circuits located 1n the upper span section.

4. The turbine rotor blade of claim 1, and further compris-

ng:

a third three-pass forward tlowing serpentine flow cooling
circuit located 1n a middle span section and having a
second leg connected to the common cooling air supply
channel and a third leg located along a leading edge of
the airtoil; and,

a third five-pass ait flowing serpentine tlow cooling circuit
located 1n the middle span section and having a second
leg connected to the common cooling air supply channel
and a fifth leg located adjacent to a trailing edge of the
airfoil.

5. The turbine rotor blade of claim 1, and further compris-

ng:

cach of the legs of the serpentine flow cooling circuits has
side walls that extend from the pressure side to the
suction side of the airfoil.

6. The turbine rotor blade of claim 1, and further compris-

ng:

the serpentine tlow cooling circuits extend from the plat-
form section to the blade tip section of the airfoil.
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